Introduction
The application of force field methods in molecular simulation can provide detailed insights into interactions between hydrophobic organic contaminants and environmental sorbents. The use of force fields to calculate molecular interactions allows the direct calculation of molecular properties without using quantitative structure-activity relationships (QSARs) or artificial neural networks. Previously, force fields based on molecular mechanics have been applied in our group to calculate enthalpies of transfer of organic contaminants to dissolved organic carbon [1, 2] and to membrane lipids [3] . Also, force field methods were applied to predict product profiles for the hydroxylation of monoterpenes by the enzyme cytochrome P450cam [4] . The force field method is applied in this study to the calculation of the extent of sorption of polycyclic aromatic hydrocarbons (PAHs) to a model structure of black carbon (BC). These compounds are chosen because they are considered representative members of planar hydrophobic organic contaminants.
In the concept of dual-mode sorption of hydrophobic organic contaminants in the natural environment, organic matter is composed of one domain representing linear and non-competitive absorption in amorphous organic matter at high sorbate concentrations and a second domain showing nonlinear and competitive adsorption to BC at low sorbate concentrations. Soot and charcoal are commonly termed BC and originate from incomplete combustion of fossil fuels or biomass. These sorbents are part of a group called carbonaceous geosorbents (also including unburned coal, kerogen and coke) and are ubiquitously present in soils and sediments [5] [6] [7] . It has been recognised in the past decades that the bioavailability of (planar) hydrophobic organic contaminants is decreased due to strong sorption to these sorbents. This process results in nonlinear sorption isotherms at relatively high contaminant concentrations, multiphasic desorption kinetics, elevated total organic carbon-water distribution coefficients and limited bioremediation potential [6] .
Several molecular simulation studies have used model structures of natural organic macromolecules such as humic and fulvic acids [8] [9] [10] [11] [12] [13] [14] or representations of soot [8, 15, 16] to calculate interactions with environmental contaminants. Most of these studies interpreted these interactions with respect to the formation of the most stable structure with the lowest energy. Moreover, the type of bonding between sorbate and sorbent, orientations of the sorbate and conformations of the sorbent involved in the interactions were evaluated in these studies [8, 9, 11, 12, 14, 15] . Only a few studies directly calculated equilibrium sorption coefficients for the partitioning of polar and nonpolar organic contaminants between humic acids and water, K HA,water (see [10] ), or between humic acids and air, K HA,air (see [13] ).
In molecular simulations performed by Kubicki [16] , quantum mechanical calculations were used to simulate the sorption of benzene (Bz) and PAHs to a model structure of soot (coronene; C 24 H 12 ). In these simulations, differences in partitioning energies were successfully correlated with experimental sorption data obtained from literature for the adsorption of PAHs to diesel soot, K BC,water [5, 17] . The calculated energy changes were approximated to changes in enthalpy (ÁH) and changes in entropy (ÁS) were neglected [16] . Both of these thermodynamic properties have to be estimated, however, to calculate a change in Gibbs free energy (ÁG). The sorption coefficient can subsequently be calculated via ÁG ¼ ÀRT ln K BC,water . Gibbs free energy can however not be calculated directly from a molecular simulation because a statistically significant sampling of conformation space has to be performed [16] . For a liquid phase containing a sorbate and a sorbent, Gibbs free energy can be assumed equal to the Helmholtz free energy (ÁF) which is related to the canonical partition function as defined in statistical mechanics [18] .
Force field calculations using statistical mechanics can therefore be used to predict the sorption behaviour of PAHs to BC, which is determined by differences in Helmholtz free energy between PAHs dissolved in water and in water containing BC. In this study, a method is presented for the calculation of BC sorption coefficients for phenanthrene (Phe), fluoranthene (Fla), and benzo[a]pyrene (BaP) using statistical mechanics and can in principle be applied to other PAHs or (a)polar compounds as well. Thermodynamic integration of Monte Carlo ensemble averages over a coupling parameter is applied to calculate free energy differences for the sorption of PAHs to BC. In previous free energy calculations [19] , closely related molecules were slowly interconverted as a function of a 222 J.J.H. Haftka et al.
coupling parameter with procedures such as free energy perturbation, thermodynamic integration or slow growth. The procedures and applications of free energy calculations have been reviewed by Kollman [19] . The experimental value of the free energy of a structurally related compound functions as a reference state relative to which the free energy difference of a partition coefficient of a compound under study can be calculated. In this study, a hypothetical reference state was used that has equal free energies in both partitioning phases and will therefore cancel out in the calculated free energy difference. The reference state of the organic compound and partitioning phase that was chosen has no nonbonded van der Waals and electrostatic interactions and is assumed to be equal to the ideal gas phase. In this way, no experimental value of a strongly related compound or phase is required.
In this study, the Amber force field of Cornell et al. [20] was calibrated in order to properly simulate hydrated systems of polyaromatic condensed phases. Scaling factors for atomic charges of water and carbon-containing compounds were therefore derived by fitting results from Monte Carlo simulations obtained at different atomic charges to the experimental enthalpy of vaporisation of water and Bz, respectively. The BC or soot model structure (C 54 H 18 ) used is a truncated symmetrical polyaromatic sheet of carbon mimicking the structure of soot and only takes surface adsorption of PAHs into account. This model structure is relatively small compared with, for example, the soot structure proposed by Akhter et al. [21] , but was used to enable rapid force field calculations of relatively small molecular systems.
Theory

Thermodynamic integration
In this study, the statistical thermodynamical concept of the canonical ensemble is used for the calculation of sorption coefficients with molecular simulations [22] . This represents a hypothetical collection of systems simulating the many states a real system can possess in time, which all have a constant number of particles (N, number of molecules or moles), volume (V) and temperature (T). In a canonical ensemble, the difference in Helmholtz free energy, ÁF ¼ F 1 À F 0 , between a studied system 1 and a reference state 0, follows from a thermodynamic integration procedure of the derivative of the mean potential energy to a coupling or variational parameter, (see [23] ),
where E is the potential energy difference between system 1 and its reference state 0. In this approach, the coupling parameter changes the intermolecular and intramolecular nonbonded interactions from their original values to zero, which is hypothesised to represent the reference state. A linear dependence of E over the whole range of is not expected because molecular positions and orientations may gradually change during variation of the coupling parameter. It is therefore assumed that the dependence includes higher-order contributions:
The values of B 0 to B 4 can be determined by nonlinear regression of E as a function of . Integration of the Helmholtz free energy difference in Equation (2) gives
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The resulting free energy difference and the free energy of the reference state 0 can be used to calculate the unknown value of the system in its macroscopic state 1:
If a second system 2 is found with an identical reference state 0, the free energy difference between system 1 and 2 can be calculated without knowledge of the free energy of the reference state:
Sorption coefficients
In order to calculate the mole fraction sorption coefficient (K x BA ¼ x eq,B /x eq,A ) for the partitioning of a sorbate C between water (A) and water containing a sorbent (B), the thermodynamic potential at infinite dilution ( 1 C ) of a sorbate C dissolved in phase A (system 1: N A þ 1 C ) or B (system 2: N B þ 1 C ) is required. The sorption coefficient is explicitly termed a partitioning process here because the sorbate distributes over two distinct phases considering only surface adsorption takes place. In the case of the pure liquid phase A, the molar Gibbs free energy (G) can be assumed to be equal to the Helmholtz free energy:
The liquid phase is simulated by inserting N A molecules in the same V at the same T and ÁF(N A ) is subsequently calculated according to Equations (1)- (3). The molar free energy of A with only bonded intramolecular interactions is represented by F(N A ) ¼0 . The molar free energy of a sorbate C immersed in a large amount of water molecules (N A þ 1 C ) will be
and the thermodynamic potential at infinite dilution of C dissolved in A will become
In the reference state at ¼ 0, the solvent (N A ) and the sorbate dissolved in solvent (N A þ 1 C ) have no intermolecular and intramolecular non-bonded interactions. The free energies of N A and N A þ 1 C will therefore only differ in the bonded (free) energy of the sorbate:
The thermodynamic potential of C dissolved in water containing a sorbent (N B þ 1 C ) is similar to Equation (6) assuming that the bonded intramolecular energies of C in A and B are equal, F(C) A,¼0 ¼ F(C) B,¼0 . At ¼ 0, the reference free energy is equal to the free energy of an ideal gas due to the absence of intermolecular interactions between the molecules. No corrections have to be applied, however, when the differences in reference free energies are calculated and the reference free energies are expressed in the molecular partition functions making use of Stirling's approximation (see [24] ). Therefore, the difference in the thermodynamic potentials of C dissolved in water containing a sorbent, 
Method
The procedure followed in the calculation of BC sorption coefficients that is described in more detail below consists of: (1) optimisation in the gas and hydrated phase of molecular structures for PAHs and/or BC; (2) scaling of atomic charges to obtain accurate charges in condensed systems for the calculation of free energies; (3) molecular simulation of hydrated structures with a gradual change of the structure to its reference state using a coupling parameter; and (4) calculation of the free energy difference by thermodynamic integration of simulated energies of transfer.
Optimisation of gas and hydrated phase structures
Molecular models of Bz, Phe, Fla, BaP and BC were geometrically optimised with a convergence limit (conv.) of 0.0004 kJ/mol in vacuo with the Amber force field from [20] with Hyperchem, version 7.51 [25] . The atomic charges for water, Phe, Fla, BaP and BC were calculated semi-empirically with PM3 in Hyperchem (conv. 0.0004 kJ/mol) and were subsequently changed with different scaling factors as described below. Geometrical optimisation (GO; Polak-Ribie`re optimisation; conv. 0.004 kJ/mol) was performed to obtain the starting structure for further optimisation. The gas-phase optimised molecular structures were hydrated in periodic boxes of water (x, y, z ¼ 18.6451 Å ). For a system with constant volume, the total amount of water molecules (N ¼ 216 for a periodic box containing only water) was decreased with the amount of water molecules, Z Y and Z X , corresponding to the molar volume of an added sorbate and/or sorbent ( Table 1 ). The molar volume of water, Bz and sorbates was calculated via v ¼ MW/d with density data taken from [26] [27] [28] . The calculated molar volumes were corrected to 25
) of the solid compound (s) and T is the measurement temperature. The molar volume of the liquid compound (l) is subsequently calculated with the following equation, 
SAR and QSAR in Environmental Research 225 3 /mol. All molecular mechanics calculations with GO, molecular dynamics (MD) and Monte Carlo simulations (MC) were performed with outer/inner switched summation cut-offs of 9/5 Å . A constant dielectric of D ¼ 1 and scaling of close (1,4) intramolecular van der Waals and electrostatic non-bonded contributions by 0.5 was applied. The hydrated sorbate and/or sorbent was subjected to GO in two steps. First, the water molecules were selected only and GO was performed (conv. 0.04 kJ/mol). Second, GO was performed for the complete box including water and sorbate and/or sorbent (conv. 0.004 kJ/mol) and this structure was used for all subsequent optimisations.
The hydrated structures were optimised with threefold cyclic annealing (MD: heat/run/ cool ¼ 8/20/8 ps; Át ¼ 0.0008 ps, ÁT ¼ 30 K and a bath relaxation time, ¼ 3.2 ps). A long MD run (heat/run/cool ¼ 8/600/0 ps; same settings as above) was subsequently performed for the cyclic annealing run that had the lowest energy after GO. The structure with the lowest GO energy was selected as the starting structure for the MC simulations. Table 1 ) and water (N ¼ 216) with cyclic annealing and MD was only performed for the structure at s ¼ 1.0000. The selected structure was subsequently used at other scaling factors after GO.
Determination of atomic charge scaling factors
The atomic charges of gaseous and liquid Bz (N ¼ 27) or water (N ¼ 216) were scaled to fit the experimental energy of vaporisation, ÁE vap . At four different (squared) scaling factors for benzene (s 2 ¼ 0.3448 À 1.0000) or water (s 2 ¼ 3.2860 À 5.4097), MC energies were calculated for the gas and the liquid phase and the desired scaling factor was calculated. It was assumed that the energy of vaporisation has a linear relationship with s 2 as follows:
The PM3 atomic charges of sorbates and sorbent or water were subsequently changed according to the scaling factor (s ¼ q/q PM3 ) derived from gas-and liquid-phase MC simulations of Bz or water, respectively.
MC simulation
The MC method as described elsewhere [30] is used to simulate the canonical ensemble. In this method, an exactly constant temperature is maintained and the kinetic (translational) 226 J.J.H. Haftka et al.
energy will therefore be constant. In the simulations, only the potential energy is allowed to vary. The potential energy E of a certain configuration [20, 30] includes contributions of intramolecular stretching of bonds, bending of angles, torsion of (proper or improper) dihedral angles and intramolecular and intermolecular non-bonded interactions between atoms of the van der Waals and electrostatic type. The volume is held constant as the volume of a cubic periodic box in which the constant number of molecules is placed. Atomic coordinates (and bond lengths, bond angles, torsion angles and non-bonded distances) are varied randomly. Energies connected to these configurations are accepted only if they meet certain criteria. After averaging accepted energies, the macroscopic (mean) potential energy is found.
In the MC simulations, a coupling parameter was varied to decrease the electrostatic and non-bonded interactions to zero (reference state with ¼ 0). The MC simulations were carried out at ¼ 1.0, 0.8, 0.6, 0.4, 0.2 and 0.1 with the same starting structure. For each respective MC run, the atomic charges for the electrostatic interactions were decreased by multiplying with the squared root value of and the van der Waals minimum energy parameters for the non-bonded interactions (" vdW in parameter files of the force field) were decreased by multiplying with the corresponding values. After GO of the hydrated structures at each value, MC simulations were performed in 120,000 run steps (with maximum delta ¼ 0.05 Å and at T ¼ 298.15 K). During an MC run, the potential energy for the complete structure (E ABC ) was collected every two time steps (total of 60,000 data points). Snapshots were taken in intervals of 10 data steps in order to sample the total energy (E ABC ) and the individual energies of water molecules A (E ABC ), sorbent B (E ABC ) and sorbate C (E ABC ) as well as combinations of these molecules (E ABC , E ABC and E ABC ) with a script.
The sampled E ABC data of the complete system (including water with sorbate and/or sorbent) were treated as follows. The E ABC values were divided into 12 subgroups (sg) of 5000 data points. The averages of these subgroups were calculated and an exponential equation was fitted to the data:
The equilibrium level was calculated as B 0 AE standard deviation (SD) and equilibrium was also determined visually. After equilibrium was achieved visually, the averages of two large groups of E ABC data were calculated. The average and SD were subsequently calculated from the two averages.
The average E ABC and E ABC values determined for the individual MC runs and the GO energies of the starting system were plotted versus the coupling parameter and fitted using Equation (2) with the nonlinear regression option in Prism, version 3.02 [31] . With six E ABC averages (from ¼ 0.1 to 1.0), a maximum of four parameters were fitted for E ABC and three parameters for E ABC . The parameters, B 0 -B 4 , were selected depending on the statistical significance of the individual parameters (SD) and the SER of the fit. The inaccuracy of ÁF was set equal to the SER.
Sorption coefficients
The contributions of all bonds in the system of water with sorbate and sorbent were dissected into intramolecular energies of the water (E A ), sorbent (E B ) and sorbate (E C ) molecules and the intermolecular energies between these molecules (E AA , E AB , E AC and SAR and QSAR in Environmental Research 227 E BC ), see Appendix 1. The energies E AXY , E AXC , E ABY and E ABC are the energies of the systems of bulk liquid water, water containing sorbate, sorbent, and sorbate in combination with sorbent, respectively. When a sorbate C is introduced in the canonical ensembles of phases A and B, the number of molecules N changes with ÀZ þ 1, and a correction has to be applied to account for the loss of water molecules from the system. The following assumptions are made for the calculation of the sorption coefficient, K BC .
(i) The infinitely diluted solution can be approximated by a relatively small box with a limited number of molecules.
(ii) Kinetic energy effects can be neglected or will cancel in the comparison of systems when the systems are at a constant temperature of 298.15 K (constant T). (iii) The molar volumes of the solution are assumed to be ideal, showing no contraction or expansion with respect to the unmixed phases. Therefore, the cavity created has a molar volume equal to the molar volume of sorbent B and/or sorbate C (
molecules considered as molecules in the pure solvent system are added to the potential energies of the systems of dissolved sorbate and/or sorbent (constant N). (v) All intramolecular structures and energies will be similar in each system. (vi) The intermolecular interactions between molecules of the same type are considered to be equal in each system. Under assumption (iv), the energy contributions to the thermodynamic potentials of the sorbate in pure solvent, e C,A , and in solvent containing a sorbent, e C,B are corrected with Z Y /N Á E AXY and (Z X þ Z Y )/N Á E AXY as follows:
When assumptions (v) and (vi) are taken into account, the thermodynamic potentials of sorbates in water and in water containing a sorbent are equal at equilibrium leading to the following expression:
Equation (15) contains a contribution of the difference in the interaction between the sorbent with the Z Y water molecules replaced by the sorbate (E BY ) and the interaction between Z Y water molecules with the Z X water molecules replaced by the sorbent (E XY ). The thermodynamic integration of these energy terms over the coupling parameter, ¼ 0-1, leads to the free energy difference from which the mole fraction sorption coefficient can be calculated using Equation (8).
Results and discussion
Scaling of atomic charges
At different scaling factors, charges of Bz and water were changed as described in Section 3 and MC simulations were performed after GO (see Appendix 2) . Results for the difference between gas-and liquid-phase energies (in kJ/mol) of Bz are given in Equation (16) The resulting mean atomic charges for the aromatic carbon atoms in Phe (q C ¼ À0.071 e), Fla (q C ¼ À0.073 e) and BaP (q C ¼ À0.060 e) and the exterior aromatic carbon atoms in BC (q C ¼ À0.076 e) are less negative than the aromatic carbon atoms present in Bz (q C ¼ Àq H ¼ À0.097 e).
Free energy contribution
Averages of the MC potential energies for the hydrated structures have been calculated with Equation (12) and values at ¼ 1.0 are shown in Table 2 . The averages of selected PAHs have been calculated by taking the average of two large groups where equilibrium was achieved visually. The standard deviations at ¼ 1.0 of selected Phe, Fla and BaP are much lower than the energy of the complete structure (Table 2 and Appendix 3 for all values). The MC potential energies of selected Phe and Fla as a function of are shown in Figure 1 (BaP is not shown for clarity) and they show a maximum at low values. The calculated free energy Fla obtained from fitting Equation (2) Notes:
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Sorption coefficients
The free energy differences between (selected) PAHs in water containing BC and in water were calculated by combining Equations (8) and (15) and are shown in Table 3 and Appendix 4. The calculated free energy differences (ÁF C ¼ ÁG) were subsequently converted into mole-fraction-based sorption coefficients, K x ¼ exp(ÀÁG/RT). The sorption coefficients (log K BC ; expressed in L/kg C) were calculated from the K x values via
where v w is the molar volume of water (Table 1) , MW C is the molecular weight of carbon (12.011 g/mol) and N C is the number of carbon atoms (N C ¼ 54) in BC. The standard error (SE) in log K BC reported in Table 3 was calculated from the (error propagated) SER of individual free energy contributions via SE ¼ SER/ln (10) . The resulting log K BC values are a factor of 3 to 39 times lower than literature values for diesel soot reported by Bucheli and Gustafsson [5] for added Phe determined by equilibration through headspace (c w ¼ 1 mg/L; 134 days) and by Jonker and Koelmans [17] for native PAHs determined with a [34] for native PAHs in two harbour sediments determined with a polyethylene partitioning method (c w ¼ 0.01 -1.10 mg/L; 182 and 14 days). In addition, Hawthorne et al. [35] reported mean log K BC values of native PAHs by determining sediment and porewater concentrations (median c w ¼ 50.01 À 0.48 mg/L) of 47 to 103 sediments impacted by manufactured gas plant activities and aluminium smelters that also correspond closely to calculated log K BC values of Fla and BaP. The log K BC value calculated for Phe in this study is within a factor of three to nine of literature values reported for natural sediments. Furthermore, BC sorption coefficients of PAHs for aquatic sediments gave a linear relationship to the octanol to water partition coefficient (log K ow ) of PAHs: log K BC ¼ 0.6997 Â log K ow þ 2.8219 (see [7] ) that resulted into log K BC values for Fla and BaP similar to values calculated in this study ( Table 3 ). The log K ow values used in this equation were taken from [36] . Finally, the calculated log K BC values for Fla and BaP are in close agreement with log K BC values estimated from a linear relationship to both log K ow and the specific surface area (SSA) of soot derived for PAHs, chlorobenzenes, non and mono-ortho polychlorinated biphenyls (PCBs), log K BC ¼ 1.14 Â log K ow þ 1.72 -log 998/SSA (see [37] ). The SSA used in this equation was taken from [6] and represents a median literature value (SSA ¼ 63 m 2 /g; n ¼ 12). This relationship was derived from estimation of sorption affinities (b) and maximum adsorption capacities (Q max ) in the initial linear part of a Langmuir isotherm (where [37] assuming that monolayer adsorption is dominating at low concentrations. It is assumed in this estimation method that interactions between PAHs and soot are equal to interactions between PAHs in the solid phase [37] .
Interactions between PAHs and black carbon
The energies of separate molecules (water, sorbate and sorbent) and combinations of these molecules were selected in Hyperchem (see Appendix 5) and the energy values for E ABC , E ABC and E ABC are shown in Table 2 . The contributions of the intramolecular and intermolecular energies to the total energy were subsequently calculated from these selected energies (Appendices 1 and 6 ). The intramolecular energy of the sorbate does not change in the aqueous phase with and without BC (E C in Table 2 ). The same applies for the sorbent molecule (E B in Table 2 ). This would imply that sorption of PAHs to BC only involves intermolecular interactions. In molecular simulations performed by Kubicki [16] , the main mechanism of interaction between PAHs and soot was attributed to van der Waals forces between the Å electrons within the aromatic rings of both PAHs and soot.
The total potential energies of (selected) Fla and BC were additionally dissected into contributions of non-bonded and electrostatic energy. The total potential energy decreases from 86.32 AE 2.72 to 25.56 AE 0.46 kJ/mol for Fla and from 156.57 AE 8.58 to 109.70 AE 9.20 kJ/mol for BC. The energetic gain is due to a decrease in non-bonded van der Waals energy by À69.45 AE 2.26 and À57.61 AE 6.28 kJ/mol for Fla and BC, respectively. The electrostatic energy increases by 9.62 AE 3.64 and 13.51 AE 10.33 kJ/mol for Fla and BC, respectively, and represents the energy loss due to fewer interactions between sorbate or sorbent and nearest water molecules. The remaining energy difference of þ 0.92 for Fla SAR and QSAR in Environmental Research 231 and À3.35 for BC is due to small changes in intramolecular stretching of bonds, bending of angles and torsion of dihedral angles. The distance between PAHs and BC during the MC simulations (calculated at ¼ 1.0 with gOpenMol [38] , version 3.00) averaged around 3.85 Å (Phe), 3.66 Å (Fla) and 3.68 Å (BaP) and is in agreement with previous modelling calculations by Kubicki [15, 16] where a spacing distance of 3.5 Å between PAHs and soot models was observed. The calculated distances between PAHs and BC are remarkably similar to the interlayer spacing distance (4.1 Å ) between polyaromatic planes of diesel soot from the NIST determined with highresolution transmission electron microscopy [39] . The larger distance between Phe and BC could explain its lower sorption coefficient calculated in this study, because the strength of dispersive interactions between hydrophobic sorbates and BC depends on the separation distance between sorbate and sorbent [40] .
Final remarks
In the natural environment, elevated total organic matter sorption coefficients are observed at low sorbate concentrations in the nanograms per litre level and they are decreased at higher sorbate concentrations in the micrograms per litre level due to saturation of BC sorption sites [5, 41] . The thermodynamic potentials calculated in this study are assumed to be valid at infinite dilution and the calculated log K BC values therefore should approximate the literature values that are measured or estimated at low sorbate concentrations in the absence of competition between sorbates. The literature values from [17] measured at concentrations at and above nanograms per litre levels for diesel soot are however higher than the log K BC values calculated in this study indicating underestimation of PAH sorption located both on surfaces and in micropores of diesel soot. This suggests that the used BC structure only functions as a suitable probe model structure that mimics the mainly non-bonded nature of surface adsorption of petrogenic PAHs (sorbed after deposition of BC) to soot. Larger models of soot (e.g. the soot model from Akhter et al. [21] ) would be required to obtain mechanistic information on the location of adsorption of pyrogenic PAHs (coproduced with soot) in micropores.
The proposed free energy procedure applied in this study using MC simulations has the advantage that long equilibration times necessary for measurement of log K BC values in the laboratory are circumvented. In addition, this method provides structural information on the interactions involved in the sorption process which is not given by other existing estimation methods. In the case of surface adsorption, the method can be extended to other PAHs for which experimental values are missing. With an appropriate charge model, the method can further be applied to compounds with varying polarity and planarity for which experimental log K BC values are available [42] . In addition, the method can be tested to simulate interactions of polar or apolar sorbates with organic macromolecules such as humic or fulvic acids.
[41] G. Cornelissen 
Appendix 1
Here we list the contributions of energies in the molecular systems of pure solvent ( 
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E AXY ¼ ðN À Z Y Þ=N Á E AXY E AXY ¼ ðN À Z X À Z Y Þ=N Á E AXY AA0 ¼ E AXY À N Á E A E XY ¼ ½ðZ X Á Z Y Þ=ðN Á NÞ Á AA0 System 1: Solution of C in solvent A at NÀZ Y þ 1, V, T; E AXC ¼ ðN À Z X À Z Y Þ Á E A þE AA þZ X E A þE C þE AX þE AC þE XX þE XC E AXC ¼ ðN À Z X À Z Y Þ Á E A þE AA þE AX þE AC E AXC ¼ þ Z X Á E A þE XA þE XX þE XC E AXC ¼ þ E C þE CA þE CX E ACX ¼ ðN À Z X À Z Y Þ Á E A þE AA þZ X Á E A þE AX þE AC þE XX þE XC E ACX ¼ þ Z X Á E A þE C þE AX þE AC þE XX þE XC E AXC ¼ ðN À Z X À Z Y Þ Á E A þE AA þE C þE AX þE AC þE XC E AA ¼ 1=2AE i¼1ÀNÀZxÀZy AE i 0 6 ¼i¼1ÀNÀZxÀZy A i A i 0 E AX ¼ AE i¼1ÀNÀZxÀZy AE j¼1ÀZy A i X j ¼E XA ¼ AE i¼1ÀZy AE j¼1ÀNÀZxÀZy X i A j E AC ¼ AE i¼1ÀNÀZxÀZy A i C ¼E CA ¼ AE j¼1ÀNÀZxÀZy CA j E XX ¼ 1 =2AE i¼1ÀZx AE i6 ¼i¼1ÀZx X i X i 0 E XC ¼ AE i¼1ÀZx X i C ¼E CX ¼ AE j¼1ÀZx CX j E C ¼E AXC À E AXC System 2: Solution of B in solvent A at NÀZ X þ 1, V, T; E ABY ¼ ðN À Z X À Z Y Þ Á E A þE AA þE B þZ Y E A þE AB þE AY þE BY þE YY E ABY ¼ ðN À Z X À Z Y Þ Á E A þE AA þE AB þE AY E ABY ¼ þ E B þE AB þE BY E ABY ¼ þ Z Y Á E A þE AY þE BY þE YY E ABY ¼ ðN À Z X À Z Y Þ Á E A þE AA þE B þE AB þE AY þE BY E ABY ¼ þ E B þZ Y Á E A þE AB þE AY þE BY þE YY E ABY ¼ ðN À Z X À Z Y Þ Á E A þE AA þZ Y Á Eð À Z X À Z Y Þ Á E A þ E AA ¼ E ABC À E ABC E B ¼ E ABC À E ABC E C ¼ E ABC À E ABC E AB ¼ E ABC À E ABC À ½ðN À Z X À Z Y Þ Á E A þ E AA À E B ¼ ðE ABC À E ABC Þ À ðE ABC À E ABC Þ À ðE ABC À E ABC Þ ¼ ÀE ABC À E ABC þ E ABC þ E ABC E AC ¼ E ABC À E ABC À ½ðN À Z X À Z Y Þ Á E A þ E AA À E C ¼ ðE ABC À E ABC Þ À ðE ABC À E ABC Þ À ðE ABC À E ABC Þ ¼ ÀE ABC À E ABC þ E ABC þ E ABC E BC ¼ E ABC À E ABC À E B À E C ¼ ðE ABC À E ABC Þ À ðE ABC À E ABC Þ À ðE ABC À E ABC Þ ¼ ÀE ABC À E ABC þ E ABC þ E ABC
Appendix 2
The following table lists the MC potential energies (in kJ/mol) of benzene and water at different values of s
2
. A theoretical value of 3.7179 kJ/mol (3.½.RT) was used for the MC potential energy for gaseous water (E MC,gas ) as six out of the possible nine degrees of freedom are used for the rotation and translation of the molecule in the gas phase. Calculated from the individual MC potential energies of water molecules, sorbate and sorbent at ¼ 0. Gas phase molecules with zero charges were inserted into periodic boxes of water dimensions and MC simulation of 5,000,000 run steps was carried out. The data were collected every 100 time steps (total of 50,000 data points) and all " vdW values were set to 0.00001. 238 J.J.H. Haftka et al.
